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Genome Sizes

~3,000,000,000 bp

~160,000,000 bp

~100,000,000 bp

~15,000,000 bp

~5,000,000 bp

Human Genome
Mouse Genome

Fruit Fly Genome

Nematode Genome

Yeast Genome

E. coli Genome



 History of DNA Sequencing
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Holley:  Sequences Yeast tRNAAla
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Miescher:  Discovers DNA

Wu:  Sequences λ Cohesive End DNA

Sanger:  Dideoxy Chain Termination
Gilbert:  Chemical Degradation

Messing:  M13 Cloning

Hood et al.:  Partial Automation

• Cycle Sequencing
• Improved Sequencing Enzymes
• Improved Fluorescent Detection Schemes

1986



Radioactive Sequencing



Perkin Elmer/Applied Biosystems 377



Fluorescent DNA Sequencing: Lane Tracking



Fluorescent DNA Sequence Trace



Expressed-Sequence Tags (ESTs)

• Single-Pass Sequence of Random cDNA Clone

• Often from Normalized cDNA Libraries

3'

5'

AAAAAA(N)

• 3’ ESTs More Likely to be Unique Among
Gene Family Members

• 5’ ESTs More Likely to Yield Homology
Information Indicative of Gene Function



Publicly Available ESTs



Publicly Available ESTs



Science 282:744-746, 1998

RH Mapping-Based Gene Map



The Next Challenge with cDNAs

• Construction of Full-Length cDNA
Libraries

• Identification of Complete Sets of
Full-Length cDNA Clones

• Sequencing of Complete Sets of Full-
Length cDNA Clones



Science 286:455-457, 1999



SAGE
Serial Analysis of Gene Expression

www.sagenet.org
www.ncbi.nlm.nih.gov/SAGE/

Designed to take advantage of high-throughput
sequencing technology to obtain a quantitative
profile of gene expression

Velculescu VE et al. Science 270: 484-487, 1995



1)  A short sequence tag (10-14bp)
contains sufficient information to
uniquely identify a transcript provided
that the tag is obtained from a unique
position within each transcript

2)  Sequence tags can be linked
together to from long serial molecules
that can be cloned and sequenced

3)  Quantitation of the number of times
a particular tag is observed provides
the expression level of the
corresponding transcript

SAGE Principles



Chromosome
(~130 Mb)

BAC
(~0.1-0.2 Mb)

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

Genome
(~3000 Mb)



“Sequence-Ready Maps”



Genomic Sequencing: Strategies

• Transposon-Mediated Sequencing

Refined within Drosophila Sequencing Effort

Kimmel et al., Genome Analysis
        Vol. 1 (CSHL Press)

• Shotgun Sequencing

Refined within Nematode Sequencing Effort

Wilson & Mardis, Genome Analysis
        Vol. 1 (CSHL Press)



Subclone Construction

Subclone Fragments

Prepare Multiple Copies
GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

Randomly Fragment

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

BAC DNA



Poisson calculations
The sequencing strategy for the shotgun approach follows the

Lander and Waterman application of the Poisson distribution

The probability a base is not sequenced is given by:

P0=e-c

Where:

〈  c = fold sequence coverage (c=LN/G),

〈  LN = # bases sequenced, i.e. L = average sequencing

read length and N = # reads

〈  G = target sequence length

〈  e = 2.718 (e=2.718281828459)

Fold Coverage P0=e-c % not sequenced % sequenced
1 0.37 37% 63%
2 0.135 13.5% 87.5%
3 0.05 5% 95%
4 0.018 1.8% 98.2%
5 0.0067 0.6% 99.4%
6 0.0025 0.25% 99.75%
7 0.0009 0.09% 99.91%
8 0.0003 0.03% 99.97
9 0.0001 0.01% 99.99%
10 0.000045 0.005% 99.995%



Total Gap Length

Total Gap Length (bp) = Ge-c

Where:
〈  c = fold coverage
〈  G = target sequence length
〈  e-c = P0

Genome size = 50 kb 150 kb 300 kb 2 Mb 4 Mb
Fold coverage Ge-c Ge-c Ge-c Ge-c Ge-c

1 18,500 55,500 111,000 740,000 1,480,000
2 6,750 20,250 40,500 270,000 540,000
3 2,500 7,500 15,000 100,000 200,000
4 900 2,700 5,400 36,000 72,000
5 335 1,005 2,010 13,400 26,800
6 125 375 750 5,000 10,000
7 45 135 270 1,800 3,600
8 15 45 90 600 1,200
9 5 15 30 200 400
10 2 6 12 90 180



Total Number of Gaps
Total number of gaps = Ne-c

Where:
〈  N = Gc/L = number of reads for x-fold coverage

G = Target sequence length
c = Fold Coverage
L = Average sequencing read length

〈  e-c = P0

50 kb Target Clone:

Read
length

400 500 600

Fold Cov. N e-c #Gaps
=Ne-c

N e-c #Gaps
=Ne-c

N e-c #Gaps
=Ne-c

1 125 0.37 46 100 0.37 37 84 0.37 31
2 250 0.135 34 200 0.135 27 168 0.135 23
3 375 0.05 19 300 0.05 15 242 0.05 12
4 500 0.018 9 400 0.018 7 326 0.018 6
5 625 0.0067 4 500 0.0067 3 410 0.0067 3
6 750 0.0025 2 600 0.0025 2 500 0.0025 1
7 875 0.0009 1 700 0.0009 1 583 0.0009 1
8 1000 0.0003 0 800 0.0003 0 667 0.0003 0
9 1125 0.0001 0 900 0.0001 0 750 0.0001 0

10 1250 0.000045 0 1000 0.000045 0 833 0.000045 0



The values for each fold coverage for a 150kb BAC (G=150,000) with
average read length of 500 bases are:

Fold
coverage

Total bases
sequenced

e-c Total gap
length in
bases =Ge-c

Number of
Gaps = Ne-c

Gap Length/#
gaps = # bases
per gap

% complete

1 150000 0.37 55,500 111 500 63
2 300000 0.135 20,250 81 250 87.5
3 450000 0.05 7,500 45 167 95
4 600000 0.018 2,700 22 123 98.2
5 750000 0.0067 1,005 10 101 99.4
6 900000 0.0025 375 5 75 99.75
7 1050000 0.0009 135 2 68 99.91
8 1200000 0.0003 45 1 45 99.97
9 1350000 0.0001 15 1 15 99.99
10 1500000 0.000045 6 1 6 99.995

For more calculations, see http://www.genome.ou.edu/poisson_calc.html



BAC

Shotgun Sequencing Strategy



Sequence Assembly Software

DNA Star
Sequencher (Gene Codes)
Assembler (PE/ABI)
Gelassemble (GCG)
XBAP/XGAP (Staden)
Phrap (Green)



Shotgun Sequence Assembly

“Consed” (Gordon et al., Genome Research 8:195-202, 1998)



Shotgun Sequence Assembly

“Consed” (Gordon et al., Genome Research 8:195-202, 1998)





BAC

Shotgun Sequencing Strategy

Pre-Finished
Sequence

Finished
Sequence

“Finishing”



Resolve Ambiguities...



DNA Sequencing in the 
Human Genome Project



http://www.tigr.org/tdb/mdb

Complete Sequences of Microbial Genomes



Fraser et al., Nature 407: 799-803,



Nature 387:1-105, 1997

First Eukaryotic Genome Sequence



Science 282:1012-2018, 1998

First Complete Sequence of
Multicellular Organism



Science 287:2185-2195, 2000

Second Animal Genome Sequence



Limitations of Gel-Based
DNA Sequencing



Gel Pouring Gel Loading

Limitations of Gel-Based
Systems



  Lots of Sequence Reads...

  Lots of Gels!



Effort of Re-Tracking Gels



Molecular Dynamics MegaBACE 1000



Applied
Biosystems

3700



Capillary Sequencing Data:  ABI 3700 Instrument



Science 282:682-689, 1998

Human Genome Project: 5 Year Goals



Revised Timetable for Sequencing
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Timetable for Human Genome Sequencing

“Working Draft” 

“Complete”



Genome Research 8:1074-1084, 1998

Quality/Utility of “Working Draft” Sequence



Baylor College of Medicine

Whitehead Institute/MIT 
Genome Sequencing Center

Human Genome Sequencing Centers



Washington U. Genome Sequencing Center



Automation for Large-Scale Sequencing



Finished Human Genome Sequence
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Human Genome Sequence
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Human Genome Sequencing

http://www.ncbi.nlm.nih.gov/genome/seq



Draft: 66.2%
Finished: 24.7%
Total: 91.3%

Sept. 18, 2000

Human Sequencing: Current Progress



Human Genome Sequencing
TIGR

GBF
Tokai
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Nature 402:489-495, 1999



Nature 405:311-319, 2000



• Immediate Release

Human Genome Sequence by the HGP

Sequence Contigs >1-2 kb

Finished and Pre-Finished Sequence

• High Accuracy

Error Rate of <1 in 10,000 bp

Assessed/Confirmed by QC Exercises
(see Genome Research 9:1-4, 1999)

• Cost

Steady (But Not Massive) Decrease 
Currently at ~25-50¢ per Finished bp



The Private Sector and 
DNA Sequencing



Commercial Interest in Human Genome Sequencing



Whole-genome Shotgun Sequencing

Pros:
(Weber and Myers, 1997)

No sequence-ready maps required!
Savings of effort and cost

Much faster than clone-by-clone

Detection of DNA polymorphisms
Sequence 5 individuals

Cons:
(Green, 1997)

Probability of success debatable

Cost savings ?
(“Finishing” could be a mess)

Final quality level ?



Whole Genome Shotgun Sequencing



Whole Genome Shotgun Sequencing



Whole Genome Shotgun Sequencing

???



GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

Hybrid Sequencing Strategy

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

BAC 1
BAC 2

BAC 3



Hybrid Sequencing Strategy

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT

TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA

GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

BAC 1
BAC 2

BAC 3



Sequencing Mapped DNA



Sequencing Other Genomes



Nature Genetics 21:73-75, 1999
http://www.nih.gov/science/mouse

Mouse Genome Analysis



Highly Ambitious…



Even More Ambitious…



NIH Plan for Mouse Genome Sequencing

• Global Sequencing Efforts:  “Hybrid Strategy”

• Targeted Sequencing Efforts

High Redundancy Whole-Genome-Shotgun Sequencing

Low Redundancy BAC-by-BAC Sequencing

Prioritized Sequencing of Regions of Biomedical Importance

• Consortium of Sequencing Centers

Mapping Component:  Fingerprints, End Sequences

Sequencing Component:  Global and Targeted Efforts



http://www.nih.gov/science/models/mouse/mouseseq

Prioritized Sequencing of Regions of Biomedical Importance



Nature Genetics 25:31-33, 2000

Annotating the Human “Working Draft” with Mouse Sequence



Importance of Comparative Sequence Analysis

Human

Human+Mouse

Human+Mouse+Rat


